aBstract: Warniak is a shallow eutrophic pond-type lake, part of the Mazurian Great Lakes. Since the late 1960s it has been subject to long-term experiments: introducing fish stocks of varied size and composition, resulting in massive physical, chemical and biotic changes in the lake's ecosystem. The aim of this study was an assessment of changes in the lake's mollusc assemblages 17 years after the first investigations (1998). The comparison of malacofauna in 1998 and 2015 showed changes in its composition, a significant decline in species richness and abundance, reduction in vertical distribution, increase in spatial variation of composition, richness and abundance. The proportion of rare species (i.e. found in one or two samples) increased from 17.4% to 64.7%. The dominance pattern became simplified and the frequencies of most species decreased. In 2015 Anodonta cygnea (L.) was still the most widespread unionid and one of the three most frequent species. The changes in the malacofauna occurred despite the lack of significant changes in the lake trophy. The deterioration of conditions for molluscs may result mainly from the impoverishment of macrophytes and the decrease in their abundance.
INTRODUCTION
Lake Warniak was subject to long-term experiments which involved introduction of fish stocks of varied size and composition (zawisza & ciEpiELEwski 1973 , Węgleńska et al. 1979 , zdanowski et al. 1999 . In 1967-1969 a large stock of benthophagous fishes -common carp (Cyprinus carpio L.) and bream (Abramis brama L.) -was introduced into the lake. After the winter-kill resulting from a long-lasting oxygen deficit in the winter 1969/1970, when nearly all the fish died, lake Warniak was stocked with benthophagous (common carp, bream), phytophagous (grass carp Ctenopharyngodon idella Val.) and planktivorous fishes (silver carp Hypophthalmichthys molitris Val. and bighead carp Aristichthys nobilis Rich.). The benthivorous species (mainly common carp) and the herbivorous grass carp reached their highest biomass in 1976, the seston-feeding silver and bighead carp stocks reached their peak in [1989] [1990] [1991] [1992] [1993] [1994] . Subsequently, the abundance of the species mentioned was reduced owing to the winter kills in 1985, 1987 and 1996 , as well as to the intensive exploitation in 1995 . In 1976 -1990 the biomass of autochthonous fishes (pike Esox lucius L., tench Tinca tinca (L.), bream, roach Rutilus rutilus (L.)) was reduced by half and then it increased as a result of favourable spawning conditions due to the renewed succession of submerged vegetation. Since 1994 the lake has been stocked with pike every year (zdanowski et al. 1999) . Since 2000 autochtonous fishes have become the main component of the ichthyofauna and their biomass was similar to or lower than that biomass before the experiments (B. zdanowski, personal communication).
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The changes in the ichthyofauna strongly affected physical and chemical conditions of the lake ecosystem, as well as the structure and functioning of the biocoenosis (zachwiEJa 1973 , kaJak & zawisza 1973 , Węgleńska et al. 1979 , krzywosz 1999 , zdanowski et al. 1999 . The pressure of benthivorous fishes on macrobenthos and on macrophyteassociated macroinvertebrates caused a decrease in their biomass (kajak & Dusoge 1973 , Pieczyński 1973 , Węgleńska et al. 1979 ). The vegetation removal by grass carp was also the crucial factor in the macroinvertebrate decline. Molluscs were not included in the assessment of changes in benthic communities, except a short information concerning the total species richness and dominance pattern of Unionidae in 1998 Unionidae in (zdanowski et al. 1999 .
The aim of the present study was an assessment of changes in the mollusc assemblages 17 years after the first investigations carried out in 1998. The number of species, abundance, dominance pattern of molluscs, as well as frequencies of individual species were analysed. Spatial distribution of mollusc species richness and abundance was compared.
STUDY AREA Lake Warniak (54°07'17"N, 21°48'04"E) belongs to the System of Mazurian Great Lakes. It is a shallow pond-type lake 38.4 ha in area, maximum depth 3.3 m, mean depth 1.2 m and the volume of 460,800 m 3 . Its direct basin is covered mostly by forests and swamps. A small tributary flows into the northern part of the lake. The lake water is of the calcium bicarbonate type, the bottom sediments are composed of calcareous gyttja; according to zdanowski et al. (1999) they contain 54% calcium carbonate and ca. 25% organic matter. The littoral zone constitutes 82% of the lake surface and till 1976 it was overgrown by macrophytes. As a result of the pressure of grass carp and common carp the vegetation completely disappeared and regenerated only in the 1990-ties after the removal of the large stocks of silver and bighead carp. The maximum biomass of macrophytes, recorded at the beginning of the 21st century, was followed by a considerable decrease (B. zdanowski, personal communication). In 2015 the macrophytes were far sparser than in 1998. In 1995-1998 Warniak was eutrophic, with an increased phosphorus concentration (maximum 0.13 mg/ dm 3 ) and poor transparency (SD<0.5 m), especially in summer (e.g. krzywosz 1999). In August 2015 the visibility of Secchi disc (SD) was 0.6 m and the phosphorus concentration was still similar to that of [1995] [1996] [1997] [1998] (Table 1) . Changes in other environmental parameters in 2015 compared to 1995-1998 were also rather small (Table 1) . (Fig. 1 ) using a 0.16 m 2 Bernatowicz rake, Günther's sampler (276 cm 2 ) and a hand net with a working side of 25 cm and mesh size of 0.5 mm. Samples were collected from ca. 1 m 2 of the bottom from the depths of 0.2-0.5 m, 1 m, 1.5 m, 2-2.5 m and 3 m (the last two only in 1998). They were washed on a sieve of 0.5 mm mesh and preserved in 75% ethyl alcohol. In the laboratory the molluscs were sorted, counted and identified using the key of piEchocki & wawrzyniak-wydrowska (2016).
The true total species richness in the lake was estimated with sample-based rarefaction curves (gotelli & colWell 2001 , coLwELL et al. 2004 , which are the expected species accumulation curves based on a re-sampled total observed species (S obs ). Samples were randomized separately for 1998 and 2015. The non-parametric abundance-based estimator Chao2 was used to estimate predicted values of species richness based on its observed performance in other studies (e.g. hortaL et al. , soBErón et al. 2007 . Datasets were considered complete if at least 90% of the number of species predicted with Chao2 were found, and representative when over 70% of the predicted number of species were recorded. Jaccard similarity coefficient (J) was calculated for all pair-wise comparisons of sites where molluscs were present, separately for 1998 and 2015. All the calculations were carried out with EstimateS, v. 9 software (coLwELL 2013).
Frequency of occurrence of individual mollusc species was calculated based on living molluscs (only samples containing living molluscs were included). Molluscs were regarded as rare when they occurred in one or two samples and common when they were found in at least half of all samples.
Water samples for chemical analyses were collected in August 2015 from four sites distributed in different parts of the lake, and samples of bottom sediments were taken at nine sites evenly distributed within the lake. Temperature, pH and conductivity were measured in the field with a multiple sensor (Combo, Hanna Instruments, HI 98 128).
Organic matter content in the bottom sediments was determined as loss of weight on ignition (ashed in 530°C for 4 hours). Sub-samples of water and bottom sediments were digested with persulphate, enabling simultaneous determination of nitrogen and phosphorus. In the resulting solutions nitrogen was determined with indophenol blue method (soLórzano 1969) and phosphorus with molybdenum blue method with ascorbic acid as a reducing agent (standard mEthods 1960), using a spectrophotometer (Shimadzu, UV-1800). Sub-samples of water were filtered through Whatmann GF/C filters prior to analyses of Ca, alkalinity, SRP (soluble reactive phosphorus), N-NO 3 and N-NH 4 . SRP and N-NO 3 were determined with molybdenum blue method and phenyldisulphonic method, respectively (standard mEthods 1960). N-NH 4 was determined with phenylhypochloride method (soLórzano 1969). Calcium, magnesium, chlorides, alkalinity and chemical oxygen demand (COD Mn ) were measured with titrimetric methods. Iron in the bottom sediments was determined with spectrophotometric (thiocyanate) method (marczEnko 1979) .
Physico-chemical data for the water and bottom sediments in 1995-1998 were obtained from zdanowski et al. (1999) .
Data on species richness and abundance at different depths were compared with nonparametric Kruskal-Wallis test. Nonparametric U Mann-Whitney test was used for comparisons between 1998 and 2015 and between the northern and southern parts of the lake. The mean species similarity (J) in 1998 and 2015 was compared with t-test. The calculations were carried out with STATISTICA 10.0 software (StatSoft). 
RESULTS
Twenty three mollusc species (12 gastropods and 11 bivalves) were recorded; another 10 species were determined based on empty shells in 1998 (Table  2 ). In 2015, 17 living species were found, as well as empty shells of another 13 species. The mollusc species lists based on the 1998 data can be regarded as complete (>90% of species richness estimated with Chao2). The 2015 collection was only representative (>70% of Chao2 value) mainly due to the high value of Chao2 resulting from the large proportion of rare species, i.e. those found in one or two samples (64.7%, compared to only 17.4% in 1998).
Seven species present in 1998 (including four found only as empty shells) were not observed in 2015, whereas two new species and empty shells of another two were found ( Table 2 ). The species similarity (J) between malacocoenoses of all pairs of sites indicated a high spatial variation of their composition. The values of Jaccard similarity coefficient ranged from 0 (17% of comparisons in 1998 and 20% in 2015) to more than 0.5 (4.8% of comparisons in 1998 and 11% in 2015). The mean J value was higher in 1998 than in 2015 (0.24 ± 0.16 and 0.19 ± 0.16 in Figs 2-3. Numbers of mollusc species at sites investigated within lake Warniak: 2 -1998, 3 -2015 Fig. 4 . Mollusc abundance at sites investigated within lake Warniak 1998 and 2015, respectively), but the difference was not significant (t = -1.5224, df = 148, p = 0.1300).
In 1998, 1-15 living species and 0-9 species represented by shells only were collected at individual sites (Fig. 2) , whereas in 2015 the respective numbers were 0-10 and 0-18 (Fig. 3) . In 2015 the proportion of species found only as empty shells considerably increased (43.3% of the total number of species) compared to 1998 (30.3%). Overall, most of living molluscs were not observed at depths exceeding 1 m, except unionids in 1998 and Pisidium nitidum in 2015 (only at site 12, at 1.5 m). The mean mollusc density at individual sites ranged from 15 to 165 indiv./m 2 in 1998 and from 0 to 85 indiv./m 2 in 2015 (Fig. 4) .
The decrease in the number of species at individual sites and the absence of live molluscs at five out of the 15 sites in 2015 resulted in a significant decline in species richness per site compared to 1998 (Fig. 5 , Z = 2.6416, p = 0.0083). The density per site was also significantly smaller in 2015 (Fig. 6 , Z = 3.4222, p = 0.0006).
In 1998 the species richness and abundance were rather evenly distributed between the northern and southern parts of the lake (Figs 7-8, Z = -1.2075, p = 0.2272 and Z = -0.4211, p = 0.6737 for species richness and abundance, respectively). In 2015 a spatial variation in species richness and abundance was observed: considerably higher values were recorded in the northern part of the lake compared to the southern side (Figs 9-10, Z = -3.1953, p = 0.0014 and Z = -2.3276, p = 0.0199 for species richness and abundance, respectively).
Some vertical variation of species richness and abundance was observed (Table 3 ). In 1998 the values of both were distinctly smaller at depths exceeding 1 m than within the shallower zone (H(2, N = 29) = 9.3120, p = 0.0095 and H(2, N = 29) = 10.1194, p = 0.0063 for species richness and abundance, respectively). In 2015 comparison was possible only for depths up to 0.5 m and 1 m (only one mollusc-containing sample was collected at the depth >1 m). There was no significant difference In 1998 only Anodonta cygnea could be regarded as common (F = 50%) and the frequencies of another 11 species exceeded 20% (Fig. 11) , whereas in 2015 only three species had frequencies exceeding 20%. The frequencies of all species, except Pisidium nitidum, Radix ampla, Anisus vortex and Unio tumidus, decreased in 2015 compared to 1998. Although the frequen- 004.8 ± 2.9; 0Me = 4.0 (1-10) 03.9 ± 2.6; 0Me = 3.0 (1-9) 1 006.5 ± 2.8; 0Me = 5.0 (4-11) 02.7 ± 2.1; 0Me = 2.5 (1-5) >1
001.2 ± 0.5; 0Me = cy of A. cygnea decreased in 2015, this bivalve was still the most common among the representatives of Unionidae. Moreover, the mean density of A. cygnea at sites where it occurred was by 65% higher than in 1998 (16 ± 11.6 and 9.7 ± 4.7 indiv./m 2 in 2015 and 1998, respectively).
The dominance pattern clearly changed in 2015 compared to 1998 (Fig. 12) . The number of species with proportion exceeding 5% decreased from eight to four and the dominance structure changed. In 1998 Sphaerium corneum, Radix balthica and Pisidium henslowanum constituted the greatest proportion in the total mollusc abundance. In 2015 the highest percentages were distributed evenly among P. nitidum, A. cygnea and Valvata piscinalis, the proportion of P. henslowanum was smaller, but remained similar to that of 1998.
DISCUSSION
The total number of living mollusc species (γ diversity) in lake Warniak was relatively high despite the rather low mean number of species per site (α diversity) in both 1998 and 2015. It decreased in 2015, but it still remained quite high considering the lake's ecological conditions. Similar values were reported from a number of polymictic lakes of moderate trophy (up to 100 μg P/dm 3 ) within the Mazurian Lakeland (e.g. stańczykoWska et al. 1983), but considerably smaller species richness was found in small flow-through lakes of the Jorka River system (kołoDziejczyk et al. 2009 ). Lake Warniak harboured a similar or higher number of species compared to large permanent floodplain water bodies representing younger succession stages within the lower Bug River valley (JurkiEwicz-karnkowska 2006 , JakuBik & LEwandowski 2013 , some oxbow lakes of the Wkra River (LEwin 2014) and some ponds in the nature reserve Stawy Siedleckie (JurkiEwicz-karnkowska & zontEk 2014).
The mollusc abundance in lake Warniak was relatively low, but higher than, for example, in a shallow lake Oświn (LEwandowski 2005). In 1998 it was comparable to that reported from a number of polymictic lakes of moderate trophy and in 2015 to the values recorded in some eutrophic polymictic lakes (stańczykoWska et al. 1983) . A similar abundance was also found in a number of floodplain water bodies of the lower Bug River (JurkiEwicz-karnkowska 2006 , JakuBik & LEwandowski 2013 , some oxbow lakes of the Wkra River (LEwin 2014) and ponds in the nature reserve Stawy Siedleckie (JurkiEwicz-karnkowska & zontEk 2014) .
Valvata piscinalis was the most abundant gastropod in Warniak, similarly as in a shallow Dutch lake Veluwemeer (Van Den Berg et al. 1997 ), but its density in Warniak was at least a hundred times smaller. The density of Unionidae in lake Warniak, especially that of A. cygnea, was comparable to the values reported from some oxbow lakes of the Bug, Pilica and Wkra rivers (aBraszEwska-kowaLczyk 2002 , LEwandowski 2006 , LEwin 2014 . The proportion of unionids in the abundance of mollusc assemblages in Warniak was high (14.4% and 27.2% in 1998 and 2015, respectively) . It was considerably higher than that reported from ponds in the nature reserve Stawy Siedleckie (JurkiEwicz-karnkowska & zontEk 2014) and similar to the values recorded for two oxbow lakes of the Wkra River (LEwin 2014). According to LEwin (2014) A. cygnea was dominant in two oxbow lakes of the Wkra River, but its proportion (6.0% and 8.8% of mollusc density) was considerably lower than in lake Warniak (22.1%). The bivalve was also dominant in the shallow lake Oświn (LEwandowski 2005).
The trophic state, oxygen conditions, composition and abundance of macrophytes (especially submerged ones), as well as the pressure of benthophagous fishes, considered as important factors influencing the development of mollusc assemblages (e.g. loDge 1985 , PiP 1987 , hanson 1990 , costiL & cLEmEnt 1996 , mouthon 1996 , BatzEr et al. 2000 , JurkiEwicz-karnkowska 2011 , LEwin 2014 , seem to limit the mollusc species richness and abundance in Warniak. The trophic state has not changed significantly during the 17 years, whereas the macrophytes were considerably sparser in 2015 than in 1998. The abundance of benthophagous fishes decreased in 1998 compared to the earlier period, to reach a level similar to that from before the beginning of experiments; this state is currently retained. However, the poor macrophyte cover provided fewer refuges from fish pressure in 2015. The Secchi disc transparency, total phosphorus (TP) and total nitrogen (TN) concentrations in the water in the summer of 2015 remained unchanged compared to the 1998 values, despite the restriction of fish abundance and consequently limiting of its negative effect on the lake's trophic conditions. A similar case from a very shallow eutrophic lake was reported, for example, by phiLLips et al. (2005) who observed recovery process during 20 years after the control of effluent-derived phosphorus. The phenomenon results from a high internal P loading from the sediments of shallow lakes (MarsDen 1989 , sønDergaarD et al. 1999 . sønDergaarD et al. (1999) found that in less enriched shallow lakes (TP < 0.1 mg P/dm 3 ) in Denmark the phosphorus release from the sediments was restricted to July and August. Also JEppEsEn et al. (1997) found a marked TP increase during summer in nutrient-rich shallow lakes.
Considerable and sometimes long-lasting oxygen deficits in winter in lake Warniak (e.g. zdanowski et al. 1999) may be an important factor responsible for the unfavourable conditions for molluscs. Besides, in this shallow eutrophic lake anaerobic conditions, especially close to the bottom, are likely to occur during high temperatures in summer due to intensive decomposition of organic matter contained in the sediments.
Although the chemical parameters in lake Warniak did not deteriorate since 1995-1998, the conditions for molluscs seemed to be less favourable in 2015. It was reflected by the decrease in the total species richness and abundance, changes in the composition of mollusc assemblages, simplification of the dominance pattern, decrease in the frequencies of most species, as well as reduction of the vertical distribution of Unionidae. The increase in spatial heterogeneity in the species richness and abundance of molluscs after 17 years, especially the difference between the northern and southern parts of the lake, was probably associated with a positive (flushing) influence of the small stream flowing into the northern part and a long-term negative effect of the village located near the southern part.
The sparse macrophyte cover in 2015 might be the most important negative factor affecting the mollusc assemblages. In 1998 relatively abundant macrophytes provided important habitats for molluscs, especially since the bottom sediments were not favourable (sandy bottom in the shallowest zone and thick layer of dark mud farther from the shore). The depletion of macrophytes observed in 2015 might be one of the main reasons for the smaller mollusc species richness and abundance. hanson (1990) found that the species composition of aquatic macrophyte beds could greatly influence the abundance, taxonomic composition, and size-structure of the littoral zone macroinvertebrate community. He also reported a considerably higher proportion of gastropods and bivalves of the family Sphaeriidae in the macroinvertebrate biomass on Chara beds compared to the respective values for rooted plants. In 2015 the occurrence of Chara spp. in lake Warniak was very limited (own observations), which might negatively affect its malacofauna.
Fresh but damaged mollusc shells, especially those of V. piscinalis, found in some samples could be a result of feeding of benthophagous fishes. prEJs (1973) reported a high frequency of molluscs in the food of autochtonous non-predatory fishes in lake Warniak (58-65% in the case of carp, tench and bream), but their weight proportion in the food was low. Pieczyński (1973) found smaller numbers of macrophyte-associated invertebrates (including molluscs) as a result of fish grazing. The shallowest zone (eulittoral) of Warniak is only periodically accessible to fishes because of drying and oxygen deficits (Pieczyńska 1973) . However, oxygen deficits are among the most important limiting factors for the occurrence of molluscs (e.g. mouthon 1996).
